We have previously characterized phosphatidylinositol (Ptdlns) synthase and Ptdlns/myo-inositol-exchange enzyme activities in ghost membranes prepared by hypotonic lysis of turkey erythrocytes [McPhee, Lowe, Vaziri and Downes (1991) Biochem. J. 275, [187][188][189][190][191][192] 
INTRODUCTION
Receptor-regulated PtdInsP2 hydrolysis, in response to a variety of agonists, generates the ubiquitous second messengers, InsP3 Irvine, 1984, 1989) and diacylglycerol (DAG) (Nishizuka, 1988) . Replenishment of the finite pool of hormonesensitive polyphosphoinositides following receptor-regulated PtdInsP2 hydrolysis is likely to require the efficient recycling of InsP, and DAG . InsP3 is metabolized via a complex series of reactions, eventually resulting in free intracellular inositol (Berridge and Irvine, 1989) . DAG is phosphorylated by DAG kinase to generate phosphatidic acid, which is further metabolized to CMP-phosphatidate (CMP-PA), a reaction catalysed by phosphatidate: CTP cytidylyltransferase (reviewed by Hokin, 1985) . Ptdlns is synthesized from CMP-PA and inositol in a reaction catalysed by Ptdlns Downes and Michell, 1985) . The mechanism of the receptor-stimulated increase in Ptdlns synthesis is not understood, although Imai and Gershengorn (1987b) have suggested that it may be due to relief of product inhibition of Ptdlns synthase by Ptdlns. There is still some uncertainty whether the entire phosphoinositide metabolic cycle can occur in a single membrane compartment. The synthesis of PtdInsP2 from Ptdlns and receptor-regulated hydrolysis of PtdInsP2 have generally been hydrolysed by the receptor-and G-protein-stimulated PLC. Since the mass of Ptdlns declines to a similar extent as [3H] Ptdlns during stimulation in the presence of guanine nucleotides and ATP, it is evident that both the labelled and unlabelled phosphoinositides are susceptible to hydrolysis by the relevant PLC. Phosphoinositides present in nuclei-free plasma membranes were also labelled by [3H] inositol under conditions favouring Ptdlns synthase and Ptdlns/myo-inositol-exchange enzyme activities respectively. These membranes lack PLC activity [Vaziri and Downes (1992) J. Biol. Chem. 267, 22973-22981] , but thelabelled lipids were sensitive to purinergic-receptor-stimulated hydrolysis in reconstitution assays using partially purified turkey erythrocyte PLC. The results strongly suggest that at least a portion of the Ptdlns synthase in turkey erythrocytes is located in the plasma membrane and has direct access to an agonistsensitive pool of inositol phospholipids.
thought to occur at the plasma membrane. The enzymes which catalyse the stepwise phosphorylation of Ptdlns to PtdIns4P and PtdIns(4,5)P2 are thought to be present in plasma membranes (reviewed by Carpenter and Cantley, 1990) . However, recent studies also indicate that there may be polyphosphoinositide synthesis and PtdInsP2 hydrolysis in the nucleus of some cells (Smith and Wells, 1983; Cocco et al., 1987; Divecha et al., 1991) . Ptdlns is widely distributed among the membranes of eukaryotic cells (Bishop and Bell, 1988) . In contrast, Ptdlns synthase appears to be present exclusively in endoplasmic-reticulum (E.R.)-derived membranes, in some studies employing subcellular-fractionation techniques (Morris et al., 1990; Helms et al., 1991) . One possible mechanism by which the widespread distribution of Ptdlns may be achieved is by the transfer of lipid molecules through the cytoplasm to the plasma membrane and other intracellular compartments. A family of cytosolic proteins has been characterized which will catalyse the transfer of Ptdlns in vitro between donor lipid vesicles and biological membranes (Van Paridon et al., 1987 ). An alternative possible mechanism to explain the subcellular distribution of Ptdlns was suggested by Imai and Gershengorn (1987a) 294, [793] [794] [795] [796] [797] [798] [799] (Printed in Great Britain) to be present in secretory vesicles destined for plasma membranes (Kinney and Carman, 1990) , indicating that the plasma membranes from these cells may be capable also of synthesizing Ptdlns. A plasma-membrane-associated PtdIns synthase could circumvent the need for lipid transfer proteins, and might provide a basis for metabolically segregated pools of phosphoinositides, which have been proposed by some workers (Monaco, 1982 (Monaco, , 1987 .
We have sought direct evidence for the existence of a Ptdlns synthase that can access hormone-sensitive pools of phosphoinositides. Turkey erythrocyte ghosts have provided a uniquely responsive cell free model system for the study of receptor-and G-protein-regulated phospholipase C (PLC). We have previously characterized the Ptdlns synthase activity present in turkey erythrocyte ghost membranes (McPhee et al., 1991) . In this report we show that Ptdlns synthase activity can be exploited to label directly hormone-responsive pools of inositol lipids, in cytosol-free turkey erythrocyte ghost and plasma-membrane preparations. These results suggest the existence of a plasmamembrane-associated Ptdlns synthase that is responsible for the synthesis of hormone-labile phosphoinositides in turkey erythrocytes. 20 cm) were purchased from Merck, U.K. Dipalmitoyl phosphatidic acid was purchased from Calbiochem-Novabiochem, Nottingham, U.K. All other reagents were obtained from previously described sources (Harden et al., 1988; Vaziri and Downes, 1992a,b) .
MATERIALS AND METHODS

Preparation of subcellular fractions from turkey erythrocytes
Ghosts and plasma membranes were prepared from washed turkey erythrocytes as described previously (Vaziri and Downes, 1992b Assay of adenylate cyclase Turkey erythrocyte subcellular fractions were assayed for fluoride-stimulated adenylate cyclase activity as described previously (Boyer et al., 1989) .
Assay of agonist-and guanine-nucleotide-regulated PLC Turkey erythrocyte ghosts were labelled with [3H]inositol in vitro by methods similar to those previously described (Vaziri and Downes, 1992a) . For labelling via Ptdlns synthase, the incubation was supplemented with 1 mM unlabelled inositol and 1 mM CMP. These additions were omitted for labelling via the Ptdlns/Ins exchange reaction. The labelled ghosts were washed extensively in 10 mM Hepes (pH 7.0)/5 mM MgCl2 and diluted in this buffer. Ghosts (typically 100 ,ul) were assayed for agonist-and guanine-nucleotide-stimulated PLC activity in an intracellular-type buffer (Harden et al., 1988) Partial purification of turkey erythrocyte cytosolic PLC Cytosolic PLC was partially purified from turkey erythrocytes by (NH4)2SO4 precipitation and DEAE-cellulose chromatography as previously described (Morris et al., 1990) . Active fractions were dialysed extensively against 10 mM Hepes (pH 7.0)/O.1 mM EDTA and concentrated by using a Centricon 30 filtration device.
Reconstitution of PLC
Plasma membranes were labelled with [3H]inositol under conditions favouring Ptdlns synthase or Ptdlns/Ins exchange as described above for agonist stimulation ofghosts. Reconstitution of PLC was carried out by a similar approach to that described previously (Vaziri and Downes, 1992b) . Plasma membranes (0.5 jzg of protein) were reconstituted with PLC (12 nmol of PtdlnsP hydrolysed/min under standard conditions as described previously; Vaziri and Downes, 1992b) 
Measurement of Ptdins
The mass of Ptdlns was determined after labelling of turkey ghosts with [3H]inositol either via Ptdlns synthase or the Ptdlns/Ins exchange reaction, as described above, and also after agonist stimulation. The reactions were terminated and phases split as described previously (McPhee et al., 1991) . The lower phase was dried in vacuo, taken up in chloroform and spotted on pre-activated (100°C, 10 min) silica-gel t.l.c. plates. Typically each lane on the t.l.c. plate was derived from approx. 0.2-0.3 ml of packed ghosts. A portion of this sample was subjected to scintillation counting to determine the total initial radioactivity applied to the plate. Ptdlns was purified by using a double solvent system composed of (solvent 1) chloroform/methanol/ acetone/trifluoroacetic acid/water (40:13:15:12:4, by vol.) and (solvent 2) chloroform/methanol/acetone/acetic acid/water (40-13: 15:12:8, by vol.) (Jolles et al., 1981) .
After development in the first solvent system, the Ptdlns band was identified by using a Raytest t.l.c. scanner, scraped out and extracted from the silica by vortex-mixing with 0.75 ml of chloroform/methanol/water (40:80:1, by vol.), followed by a phase split with 0.25 ml each of 0.1 M HCI and chloroform. After a brief centrifugation, the lower phase was dried down as above and re-run on a second t.l.c. using solvent 2. The Ptdlns was re-extracted from the silica, and the chloroform phase was dried down under nitrogen into HClO4-cleaned Pyrex test tubes. The Ptdlns was hydrolysed by refluxing with 70 % (v/v) HC104 (144 ,ul, 250°C, 2 h). Pi was determined by the method of Bartlett (1959) . The samples were mixed with 10 ml of Triton X-100/ xylene (1:1, v/v) containing 2,5-diphenyloxazole (3.75 g/l) and 1,4-bis-(5-phenyloxazol-2-yl)benzene (0.093 g/l) and the radioactivity was quantified by scintillation counting. The recovery through the mass assay was determined by comparing the initial radioactivity applied to the t.l.c. with the radioactivity finally recovered after the Pi assay. The specific radioactivity of Ptdlns is expressed as the recovered radioactivity divided by the mass of recovered Ptdlns.
RESULTS
Incorporation of [3H]inositol into Ptdlns in turkey erythrocyte
ghost membranes involves a nucleotide-independent Ptdlns/ myo-inositol base-exchange activity, and a distinct CMPdependent base-exchange reaction (McPhee et al., 1991) . Net synthesis of Ptdlns from CMP-PA and inositol is the physiologically important reaction catalysed by Ptdlns synthase.
However, the CMP-dependent incorporation of [3H]inositol into
Ptdlns is thought to represent a base-exchange activity catalysed by Ptdlns synthase (Berry et al., 1983; Fischl et al., 1986; McPhee et al., 1991) . The CMP-dependent reaction in turkey erythrocytes can be distinguished from Ptdlns/myo-inositol baseexchange activity by its low affinity for inositol (Km of 0.3 mM for CMP-dependent versus Km of 0.012 mM for CMP-independent exchange) and distinctive bivalent-cation sensitivity. Although CMP-dependent exchange of free for lipid-associated inositol does not prove the presence of Ptdlns synthase activity in turkey erythrocytes, the latter was demonstrated by the inositol-reversible incorporation of [14C]CMP into a lipid which was identified as CMP-PA (McPhee et al., 1991) and by direct assay of Ptdlns synthase in the forward reaction using CMP-PA as substrate (Vaziri and Downes, 1992b) .
It was decided to determine the size of the pool of Ptdlns accessible to Ptdlns synthase in turkey erythrocyte ghosts. Ghosts were labelled with [3H]inositol in the presence of 1 mM CMP and 1 mM unlabelled inositol, thus favouring the CMP-dependent Ptdlns synthase-catalysed reaction. Incorporation via the CMPindependent Ptdlns/inositol base-exchange reaction was assessed in the absence of CMP. The Ptdlns labelled by these baseexchange mechanisms does not result in significant net synthesis of Ptdlns even after a 1 h incubation (paired t test, P < 0.005). That incorporation occurs via an exchange process was confirmed by the ability of unlabelled inositol to chase out the label from Ptdlns in a CMP-dependent manner (McPhee et al., 1991; Figure Ib) . The rate of incorporation of [3H] inositol into Ptdlns by the Ptdlns synthase declines to zero after 60 min of incubation (Figure la) . This is not due to the inactivation of the Ptdlns synthase, or resealing of the ghost preparation, as approx. 80 % of the radiolabel can be chased from the prelabelled PtdIns under Ptdlns synthase conditions in the presence of excess unlabelled inositol ( Figure Ib) . Therefore, after 60 min the pool of Ptdlns accessed by Ptdlns synthase must have achieved isotopic equilibrium with the exogenously added [3H]inositol in the labelling medium. Since the concentration of inositol in the medium is sufficiently large (1 mM) relative to that of the Ptdlns in the ghosts (approx. 0.39 mM), changes in the specific radioactivity of the inositol due to exchange of unlabelled Ptdlns after a 60 min incubation is calculated to be less than 10 %. As shown in Table  1 , the specific radioactivity of the [3H]PtdIns extracted from ghosts labelled to equilibrium reaches almost 14 % of that of the [3H]inositol in the incubation medium, thus suggesting that 14 % of the Ptdlns present in the turkey ghosts is accessible to Ptdlns synthase. In contrast, the specific radioactivity of Ptdlns labelled via the CMP-independent exchange reaction reached only approx. 4 % of that in the incubation medium. However, under exchange conditions, radioactivity in Ptdlns was still increasing at 60 min, so this experiment gives no information about the size of the Ptdlns pool accessed by the exchange enzyme. These data demonstrate that a significant proportion of the total cellular Ptdlns can be labelled by an exchange process catalysed by Ptdlns synthase.
Turkey erythrocyte ghosts contain predominantly a nucleus and a plasma membrane (Beam et al., 1979) . It is therefore likely Subcellular fractions of turkey erythrocytes were assayed for Ptdlns synthase (via the forward reaction) and adenylate cyclase activity as described in the Materials and methods section. The results represent means+ S.E.M. from four separate experiments which were carried out in triplicate. The overall fold enrichment of Ptdins synthase and adenylate cyclase activities in plasma membranes and nuclear pellet is expressed relative to ghosts. The DNA content of the plasma-membrane preparations was typically 40-fold less than that in ghosts (Vaziri and Downes, 1992b Table 2 and also Vaziri and Downes, 1992b) . This fold enrichment parallels almost exactly that of fluoride-stimulated adenylate cyclase activity, a marker enzyme for plasma membranes. The plasma-membrane preparations typically contain 40 times less DNA/mg of protein than is present in ghosts, indicating that they lack nuclei (Vaziri and Downes, 1992b were added to the incubations after 40 min, as indicated by the arrow, or omitted from the incubations (A).
( The results in Figure 2 clearly confirm previous observations that the G-protein-regulated PLC activity in turkey erythrocytes does not recognize Ptdlns itself. Radiolabelled inositol phosphates are only produced in response to guanine nucleotides if the ghosts are also incubated with ATP to convert some of the Ptdlns into polyphosphoinositides. However, both PtdIns4P and PtdIns(4,5)P2 appear to be effective substrates for this enzyme (Harden et al., 1987 (Harden et al., , 1988 Morris et al., 1990) . Therefore, the appearance of radiolabelled inositol phosphates in response to guanine nucleotides and ATP reflects the co-localization of both (Figure 2 ; see also (Table 3) .
The results in Table 3 (Michell, 1975) .
We have exploited the relatively simple structure of turkey erythrocytes to establish that at least a portion of the Ptdlns synthase activity which these cells possess must be located in the plasma membrane. Conventional subcellular-fractionation techniques showed that anucleate plasma-membrane preparations are enriched in Ptdlns synthase to a similar extent as is fluoride-stimulated adenylate cyclase. It is possible that this fraction was contaminated with fragments of nuclear membrane which might not be associated with DNA, the marker that we used to detect intact nuclei. However, since the specific activity of PtdIns synthase in the nuclear pellet was 7-fold lower than that in the plasma-membrane preparation, this would seem to be unlikely. Nevertheless, our results do not rule out the possibility that some Ptdlns synthase activity might be also present in the nuclei, although this fraction clearly contains contaminating plasma membrane, as indicated by the presence of fluoridestimulated adenylate cyclase.
Measurements of specific radioactivity of [3H]Ptdlns from equilibrium-labelled ghosts indicate that Ptdlns synthase can access only 14 % of the total Ptdlns pool in ghost preparations. It therefore appears that this pool of lipid is in a subcellular compartment distinct from the bulk of the cellular Ptdlns. It is unlikely that the 14% of the Ptdlns in turkey erythrocytes accessible to Ptdlns synthase might be contributed by an intracellular non-nuclear-membrane Ptdlns synthase, since turkey erythrocytes contain relatively little E.R. and the nucleus is the only large membrane compartment, other than the plasma membrane, in these cells (Beam et al., 1979) .
To obtain further evidence that at least some of the Ptdlns synthase activity is present in plasma membranes, we assessed whether any of the Ptdlns labelled by Ptdlns synthase could be converted into polyphosphoinositides that were hydrolysed by purinergic-receptor-and G-protein-regulated PLC. This approach clearly only identifies a pool of PtdIns synthase that is co-localized with PtdIns kinase and/or PtdIns4P kinase, since PtdIns itself is not a substrate for the G-protein-regulated PLC, but has the advantage that the location of the relevant receptor and G-protein is clearly defined. Since this system is sensitive to sub-millimolar levels of ATP/ADP and is activated when intact the G-protein which couples purinergic receptors to PLC in turkey erythrocytes (Waldo et al., 1991) , has previously been shown to be present in plasma membranes of these cells (Vaziri and Downes, 1992b (Waldo et al., 1991) , and previous studies showed this a-subunit to be present in the plasma membrane (Vaziri and Downes, 1992b Metabolic heterogeneity of phosphoinositides has previously been reported in human erythrocytes (King et al., 1987) . Phosphoinositide kinases access only a fraction (25-30%) of inositol lipids in such cells, and only 50% of PtdInsP2 was accessible to the Ca2+-activated PLC in erythrocyte ghosts. Since the anatomically simple human erythrocytes lack nuclear and other intracellular membranes, it was suggested that stable associations between the lipids and sub-membranous or cytoskeletal proteins might be responsible for the segregation of lipid pools in these cells. It is possible that such a mechanism might account for the distinct pools of Ptdlns in turkey erythrocytes. Indeed, we have presented data indicating that the receptor-and G-protein-regulated PLC is tightly and specifically associated with a component of the detergent-insoluble cytoskeleton in turkey erythrocytes, and that the cytoskeleton plays a critical role in localizing PLC to its coupling site at the inner leaflet of the plasma membrane (Vaziri and Downes, 1992b Nevertheless, the results clearly show that turkey erythrocytes contain a plasma-membrane-associated Ptdlns synthase that can directly label hormone-sensitive pools of inositol phospholipids. Unlike many animal cells, turkey erythrocytes contain little E.R. (Beam et al., 1979) . It is therefore possible that these specialized cells possess a plasma-membrane-associated Ptdlns 
